Abstract-Clayey fragments colored deep bluish-green are widely found in glassy rhyolitic tufts at Oya, Tochigi Prefecture. In room-air the color changes to black or gray within one hour and finally to brown in a few weeks. The fragments are composed of an intimate mixture of two kinds of smectite: a ferrous iron-rich smectite (IR) with bo : 9.300 ~; and an iron-poor smectite(lP) with bo = 9.030 A. Microscopic examination shows a vesicular texture and that IR occurs at the core and IP at the marginal parts of each vesicle. Analysis by EPMA gave the following structural formulas: IR, (Na0,60-Ko.04Ca0.44) (Mg~.04Fe 2+ A1o02) (Sir.36All.64)O20(OH)4; IP, (Na0.~2K0.08Ca0.26) (Mgog0Fe2+.A1254)
INTRODUCTION
RHYOLITIC glassy tufts are widely distributed at Oya, Tochigi Prefecture, Japan, and have been used for building stone. Oya-tuffs usually contain many rock fragments of various sizes which have been entirely altered to clay substances. A zone containing especially large fragments alternates regularly in parallel with a zone having no large fragments. The alternation forms a bedding structure. The dip of the bedding plane is nearly 10 ~ and is parallel to that of the shale overlain with Oya-tuffs. High-form quartz and clinoptilolite have been rarely found in the clayey fragments. The fragments show bluish green color on newly cut surfaces of Oya-tuffs in deep caves, and easily turn, in room-air, to black or gray within one hour and finally brown in a few weeks.
This clayey substance was identified and described as iron-rich montmorillonite (Sudo and Ota, 1952) ; however our studies to date have revealed the detailed mineralogical properties and have shown the need to modify the last conclusion and the nomenclature. The present paper refines the previous study on the basis of the data obtained from some samples selected from many specimens studied. The data from samples 6-1, 9-1 and 10-1 are concerned with properties obtained from the deep bluish-green unoxidized state. The data from samples 6-2, 9-2 and 10-2 are concerned with the brown oxidized parts of samples 6-1, 9-1 and 1 0-1, respectively.
MINERALOGICAL PROPERTIES OF THE CLAYEY FRAGMENTS
X-ray diffraction data (Table 1 ) agree with those of smectites. Chemical compositions of the oxidized samples (6-2, 9-2 and 10-2 of Table 2 ) are like those of montmorillonite-beidellite, though the number of the octahedral cations is intermediate between the dioctahedral and trioctahedral types if the structural formulas are calculated from the bulk chemical composition ( Table 2) .
The intensity ratio of the (003) to (002) reflections of a dehydrated form is about 5-6, clearly larger than that of the usual dioctahedral smectite. This fact suggests that iron is included in the crystal structure of smectite.
X-ray diffraction has revealed that the present samples are composed of an intimate mixture of two kinds of smectite, because the (06) reflection occurs as a doublet (Table 3) . The larger spacing falls in the trioctahedral range, the smaller in the dioctahedral range.
Deep bluish-green unoxidized samples usually have larger amounts of water expelled below 130~ 229 than do oxidized samples. Dehydration and decrease of the b-parameters occur along with oxidation (from (a-c) of Table 3 ). The decrease may be due mainly to the smaller radius of ferric with respect to ferrous ions. Treatment of the present samples with hydrochloric acid at about 98~ caused dissolution of much of the iron, most of which was dissolved during a short period of an initial dissolution-stage, such as 30 min or 1 hr. At the same time, the larger (06) spacing disappeared. This result suggests that the larger b-parameter is that of an iron-rich smectite, the smaller b-parameter that of an ironpoor smectite.
Under the microscope, the clayey fragments show a vesicular texture. The core part of each vesicle is dark in color and is composed of aggregates of extremely fine crystals, likely nontronite or saponite. Crystal shades are just visible in the marginal part and show a pale color.
DTA curves ( Fig. 1 ) agree with the usual montmorillonite pattern and show an endothermic peak due to dehydration, an endothermic peak at about 700~ due to dehydroxylation, and a small exothermic peak between 900 and 1000~ An endothermic peak due to dehydroxylation of nontronite, expected to occur between 400 and 500~ is scarcely visible.
TG curves ( Fig. 1 ) of the present samples show two steps, due to dehydration and dehydroxylation respectively, which are connected with a gentle slope. It is difficult to estimate from these curves the boundary between the temperature-ranges of dehydration and dehydroxylation. We took the boundary to be 300~ following the suggestion in the study of the montmorillonite minerals by Ross and Hendricks (1945) .
Powders of the present samples were heated in a furnace with a mean heating rate of 10~ per rain to coincide with the heating rate of DTA. A part of the powders was taken from the furnace and analyzed chemically for ferrous iron. The results show that most of the ferrous iron has been oxidized in room air below 300~ (Fig. 1) . The i.r. absorption spectrum of the oxidized sample 6-2 shows absorptions at the following wave numbers: 3610, 3400, 1620, 1122, 1022, 915, 878, 798, 724, 670, 616, 514 and 455 cm -I. The absorptions are characteristic of montmorillonitebeidellite; the bands between 600 and 700 cm -1 are considered to arise from the trioctahedral smectite.
It is shown by means of an oxygen-meter that the present samples sorb large amounts of oxygen when oxidized in room air (Fig. 2) .
Eh-values of aqueous suspensions of the present samples show a reducing condition for the unoxidized forms (Table 4) .
The Mtissbauer spectra of the unoxidized (6-1), partially oxidized (6-1') and oxidized (6-2) samples are shown in Fig. 3 . It is clearly shown that the peak at about 2.6 mm/sec shifts to the lower velocity side and the intensity decreases with increasing degree of oxidation of the sample. Eh of distilled water used: + 170 mV. The tendency of these Eh-values related to all samples from Oya-tuff, including sample 6-1 and 6-2.
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The two peaks at about --0.2 mm/sec and 2.6 mm/sec are those of Fe 2+, the peaks at about -0.2 mm/sec and 0.8 mm/sec those of Fe 3+. The ratios of the peak intensities in each spectrum agree well with the ratio of the amounts of Fe 2+ and Fe 3+ from chemical analysis. The values of isomer shift (I.S.) and quadrupole splitting (Q.S.) for these samples are given in Table 5 . Q.S. of Fe 2+ decreases gradually with increasing degree of oxidation. The other I.S. and Q.S. seem to remain unchanged. This suggests that the site symmetry or structural environment for the iron ion is more symmetrical in the oxidized than in the unoxidized state. Chemical compositions of some microscopic areas in samples 6-2 were analyzed by EPMA using a polished disk and mineral standards such as some garnets and common hornblende. The results are shown in Fig. 4 and Table 6 . Iron is given both in ferrous and ferric forms.
If the iron is treated as being wholly ferrous, as in columns (2) Fig. 2 . Variations of the amount of consumed oxygen (ml) by some unoxidized samples (10 g) with the time (hr) of exposure in room air. 6: The present sample (changing from 6-1 (unoxidized) to 6-2 (oxidized) along with time). 7 and 8: These are also the samples from the Oya-tuffbut not described in this paper. 
If the iron is treated as being wholly ferric, as in columns (1) of Table 6 , the following structural formulas are obtained on the basis of O2o(OH)4:
The iron-rich part may be identified as iron-rich saponite and the iron-poor part as montmorillonitebeidellite with medium amounts of Fe and Mg. Iron-poor (margin) part (Nao.50Ko.08Cao 24)(Mgo.88FeoZ.~2A12.30)(Si7.50Alo.~o) O20(OH)4.
Iron-rich (core) part
These formulas are unusual in terms of the deficiency of octahedral cations (considering the unit cell to be trioctahedral), which is due to an unusual amount of tetrahedrally coordinated Fe. Although such behavior is not necessarily improbable because similar defects of lower magnitude have been shown in stevensite, and iron in tetrahedral sites has been demonstrated in cronstedtite, it seems proper to conclude that the iron is present wholly in the ferrous form in these samples of saponite and montmorillonite-beidellite. The structural formula of the ferrous iron-rich saponite is further confirmed by the measurement of structural water in the following paragraphs. Heat-induced effects of an unoxidized sample (9-1) under various conditions are shown in Table 7 . Ferrous iron in the present samples is easily oxidized both at room and higher temperature with sorption of much oxygen from the atmosphere, whereas it is not oxidized in nitrogen or under vacuum of about 10~ -1 Torr either at room temperature or higher. The weight loss above 300~ considered to be loss of structural water, was measured carefully by T G or by the weight method on samples 9-1, 9-2, 10-1 and 10-2 in the following four cases: unoxidized samples heated in room air, oxidized samples heated in room air, unoxidized samples heated in vacuum, and oxidized samples heated in vacuum (Table 8 ). As shown in Table 8 , for 
9-1 3.4 5.8 9-2 3.5 * 10-1 3.9 4-6 10-2 4.0 4.0 4.0 9-1 : unoxidized sample with mixture of iron-rich and iron-poor smectites of Table 6 . 9-2 :The same as 9-1 but oxidized one. 10-1 :Unoxized sample with mixture of iron-rich and iron-poor smectites of Table 6. 10-2 :The same as 10-1 but oxidized one.
oxidized samples these weight losses are close to each other regardless of the different conditions, whereas the weight losses of unoxidized samples heated in room air are clearly smaller than those observed when the unoxidized sample is heated in vacuum, and nearly equal to the losses of the oxidized samples. These values measured under various conditions will be explained by the following calculation. The mixing ratio of the iron-rich part (iron-rich saponite) and the iron-poor part (montmorillonitebeidellite) is estimated to be 0.2:0.8 in sample 6-2. This estimate is based on a comparison of the chemical compositions of the iron-rich and ironpoor parts from the EPMA results (Table 6 ) with the bulk chemical compositions (Table 2) . If the results given in Table 6 for samples 6-2 are used as standards, the mixing ratios of the iron-rich and SHIMODA and TOSHIO SUDO iron-poor parts of samples 9-2 and 10-2 are 0.2 : 0.8 and 0.15 : 0.85 respectively.
The amount of structural (OH) calculated from the formula of the iron-rich smectite (a) is 3.9 per cent, and from that of the iron-poor smectite(b), 4.6 per cent. When the unoxidized sample is exposed to room air, most of the (OH) ions of formula (a) are converted to oxygen ions as a result of the oxidation of the ferrous ions, because the increased charge due to 3.98 Fe z+ ~ 3.98 Fe 3+ is nearly equivalent to that of the (OHh. Of the (OH)4 of the iron-poor smectite (b), 0.95 (OH) is also converted to oxygen ion by oxidation of ferrous iron. The reactions are as follows:
Iron-rich smectite ( The amount of the structural (OH) remaining in (b') is calculated to be 3.5 per cent; in (a'), zero. Therefore, if the unit cells are calculated with the iron in the ferrous form on the basis of O20(OH)4, the total amount of the water evolved from the structural (OH) in room air and in vacuum can be calculated as follows:
Sample 9 (9-1 and 9-2); in vacuum (%) 0.2 x 3.9 + 0.8 • 4.6 = 4.5, in room air (%) 0.2 x 0 + 0.8 x 3"5 = 2.8.
Sample 10 (10-1 and 10-2); in vacuum (%) 0.15 x 3"9 + 0-85 x 4.6 = 4.5, in room air (%) 0.15 x 0 + 0-85 x 3"5 = 3"0.
On the other hand, if the iron is considered to be in the ferric form also on the basis of O20(OH)4, the ferrous iron in the unoxidized sample would be obtained by reduction from formulas (c) and (d), respectively. In this case, the ferrous form would be derived from the primary ferric form. The decrease in positive charge caused by reduction is balanced by an increase of the structural (OH), as follows:
Iron-rich smectite reduced from (c) These formulas have extremely large amounts of structural (OH); calculated values in (c' and d') are 7-9 and 5.7 per cent, respectively. Iron-rich smectite (c') and iron-poor smectite (d') are oxidized in air to the forms shown by formulas of the structural (OH) expelled as H20 in air and in vacuum are as follows:
Sample 9 (9-1 and 9-2); in vacuum 6.2%, in air 4.4%.
Sample 10 (10-1 and 10-2); in vacuum 6.0%, in air 4.0%.
The measured values (Table 8 ) of the structural (OH), expressed as evolved H20, are comparatively close to the first case; that is, to the ferrous form of the iron-rich saponite. Therefore, it is concluded that the original form is ferrous on the basis of the quantitative data for structural water.
EARLIER DATA FOR OXIDATION OF FERROUS IRON IN HYDROUS MINERALS
Several concepts have been proposed regarding the oxidation of ferrous iron in hydrous silicate minerals, as follows: (i) reaction between ferrous iron, hydroxyl ion and additional oxygen, as shown in ferrous chamosite by Bfindley and Youell (1953) and in oxidized amphiboles by Addison et al. (1962a, b) ; (ii) reaction between ferrous iron and hydroxyl ion without additional oxygen, as shown in biotite by Rimsaite (1967 Rimsaite ( , 1970 ; (iii) reaction taking place by loss of interlayer cations; and (iv) reaction associated with a reversible conversion of hydroxyl to oxygen ions and subsequent irreversible loss from octahedral sites of ferric ions as iron oxide, as shown in oxidized biotite and vermiculite by Farmer et al. (1971) .
As mentioned previously, when unoxidized and oxidized samples are heated in vacuum, the structural water evolved from the unoxidized sample is larger than that from an oxidized sample. This difference indicates that some structural (OH) is evidently consumed by the room-temperature oxidation. Oxygen from air also is taken up during the oxidation. It is considered that the oxidation of ferrous iron in the present sample of iron-rich saponite is an example of reaction type (i). The oxidation of the present sample occurs easily at room temperature as well as at elevated temperature, and there is no indication of the formation of 235 iron oxide when the present sample is heated at such elevated temperature.
NOMENCLATURE
The ideal structural formula of saponite has been given as follows:
Mo+.67(Mg6)(SiT.33Alo.67)O2o(OH)4.
Based on the ideal structural formula of smectite, the iron-rich smectite in the present sample is written in the following manner:
Mo+.67(Mg2Fe42+)(Sir.z3Alo.67)Oeo(OH)4, which may be called a ferrous iron-which saponite. The formula of the oxidized form, ferric iron-rich saponite, is expressed as follows:
Mo.67(Mg2Fe4 )($17.3~A10.67)O20+4 9
"Lembergite" (Sudo, 1943) was defined as an iron-rich saponite (Sudo, 1954) , and the ideal structural formula of its ferrous form follows:
M+.67(Mg3Fez2+)(Si7.33Alo.67)O2o(OH)4.
These formulas strongly suggest the existence of the iron-analogue of saponite corresponding to the following ideal formula: M+67(Fe62+)(SiT.zzAlo.6r)O2o(OH)4.
OCCURRENCE OF HISINGERITE
On exposed weathered surfaces in the field, the brown fragments tend to be differentiated into two parts: one is gray montmorillonite-beidellite, and the other is a brown incrustation, which gives a smectite X-ray powder diffraction composed of extremely broad peaks. It is believed therefore that the brown incrustation is hisingerite, a weathered product of iron-rich saponite produced by the following weathering sequence:
Ferrous iron-rich saponite ~ ferric iron-rich -~ saponite --~ hisingerite.
